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(54) Magnetic position sensor system

(57) A position sensor system (10) capable of self
compensation over wide temperature ranges, air gaps
and tilts. Three matched MRs (MR1, MR2, MR3) are
aligned in the direction of movement (X) of a magnetic
target (30). The middle MR (MR2) is the position sensor,
and the two outer MRs serve as reference sensors
which sense the magnetic field at the limits of the posi-
tion sensing range. The cooperating magnetic target as-
sures that one of the two outer MR elements is always
exposed to some maximum magnetic field, Byax, cor-
responding to a position Xyax, and the other MR ele-
ment is always exposed to some minimum magnetic

field, BN, corresponding to a position Xy, n, such that
Bmin < Bx £ Byax: corresponding to Xy n < X < Xyax
where By is the magnetic field measured by the middle
MR and varies with the position, X, of the target. The
actual position, X, is computed assuming a linear rela-
tion between MR resistance in the magnetic field range
from By to Byax @nd the position, X, of the target. This
is accomplished by making the magnetic field a linear
function of position in the range Xy to Xy ax and using
MRs whose resistance is a linear function of magnetic
field in the range By to Byax-
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Description
TECHNICAL FIELD
[0001] The present invention relates to a method of sensing position using magnetoresistors.
BACKGROUND OF THE INVENTION

[0002] Itis well known in the art that the resistance modulation of magnetoresistors can be employed in position and
speed sensors with respect to moving magnetic materials or objects (see for example U.S. Patents 4,835,467,
4,926,122, and 4,939,456). In such applications, the magnetoresistor (MR) is biased with a magnetic field and electri-
cally excited, typically, with a constant current source or a constant voltage source. A magnetic (i.e., ferromagnetic)
object moving relative and in close proximity to the MR, such as a toothed wheel, produces a varying magnetic flux
density through the MR, which, in turn, varies the resistance of the MR. The MR will have a higher magnetic flux density
and a higher resistance when a tooth of the moving target wheel is adjacent to the MR than when a slot of the moving
target wheel is adjacent to the MR.

[0003] Increasingly more sophisticated spark timing and emission controls introduced the need for crankshaft sen-
sors capable of providing precise position information during cranking. Various combinations of magnetoresistors and
single and dual track toothed or slotted wheels (also known as encoder wheels and target wheels) have been used to
obtain this information (see for example U.S. Patents 5,570,016, 5,731,702, and 5,754,042).

[0004] The shortcoming of MR devices is their temperature sensitivity. They have a negative temperature coefficient
of resistance and their resistance can drop as much as 50% when heated to 180 degrees Celsius. Generally, this led
to the use of MR devices in matched pairs for temperature compensation. Additionally, it is preferable to drive MR
devices with current sources since, with the same available power supply, the output signal is nearly doubled in com-
parison with a constant voltage source.

[0005] To compensate for the MR resistance drop at higher temperatures, and thus, the magnitude decrease of the
output signal resulting in decreased sensitivity of the MR device, it is also desirable to make the current of the current
source automatically increase with the MR temperature increase. This is shown in U.S. Patent 5,404,102 in which an
active feedback circuit automatically adjusts the current of the current source in response to temperature variations of
the MR device. It is also known that air gap variations between the MR device and ferromagnetic materials or objects
will affect the resistance of MR devices with larger air gaps producing less resistance and decreased output signals.
[0006] What is needed is a position sensor capable of self compensation over wide ranges of temperature and air
gaps, including tilts.

SUMMARY OF THE INVENTION

[0007] The presentinvention is a position sensor system capable of self compensation over wide temperature ranges
and air gaps, including tilts. It employs three matched MRs (also commonly referred to as MR elements) with either
one common bias magnet or separate bias magnets. The MRs are aligned in the direction of movement of a magnetic
target. The middle MR is the actual position sensor. The two outer MRs serve as reference sensors which sense the
magnetic field at the limits of the position sensing range. The cooperating magnetic target assures that one of the two
outer MR elements is always exposed to some maximum magnetic field, By, corresponding to a position Xy ax, and
the other MR element is always exposed to some minimum magnetic field, By, corresponding to a position Xy.
such that By y < By < Byax, corresponding to X,y £ X £ X ax, Where By is the magnetic field measured by the middle
MR and varies with the position, X, of the target.

[0008] The actual position, X, is computed assuming a linear relation between MR resistance in the magnetic field
range from By, to By ax @nd the position, X, of the target. This is accomplished by making the magnetic field a linear
function of position in the range Xy;\ to Xy ax @and using MRs whose resistance is a linear function of magnetic field in
the range By to Byax-

[0009] Alternatively, the shape of the magnetic field profile can be tailored to the MR characteristics in the operating
magnetic field range By y to By ax to yield the desired linear relation between MR resistance and position X. That is,
the sensor always operates on the linear part of the MR resistance versus magnetic field characteristic curve in the
magnetic field range By to Byax-

[0010] Accordingly, it is an object of the present invention to provide a magnetic position sensor system capable of
self compensation over wide ranges of temperatures, air gaps and tilts.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

Figure 1 depicts an example of the preferred environment of use of the present invention.

Figure 2 depicts a plot of MR resistance versus magnetic field and position according to the present invention.
Figure 3 shows an example of an analog circuit implementing the present invention.

Figure 4 shows an example of a circuit employing a digital processor implementing the present invention.
Figure 5 is a flow diagram for the digital processor of Figure 4.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0012] Figure 1 depicts an example of the preferred environment of use of the present invention. The single MR
sensor 10, preferably stationary, employs three magnetoresistors, MR1, MR2, and MR3, which are biased by a per-
manent magnet 12, wherein the magnetic flux 14, 16, and 18 emanating therefrom are represented by the dashed
arrows. The magnetic flux 14, 16, and 18 pass from the permanent magnet 12 through the magnetoresistors MR1,
MR2, and MR3 and through the air gaps 20, 22, and 24 to the target 30.

[0013] The matching of MR1, MR2, and MR3 ensures that the sensing elements are equally affected by temperature
and air gap and that the resistance of each MR is the same for the same magnetic field exposure. If the magnetic field
is a linear function of position, then the resistance of MR1, MR2, and MR3 will be linear functions of magnetic field and
position also and, by properly designing an electric circuit, the MR output voltages will also be linear functions of
resistance and position.

[0014] The target 30 is made of a magnetic material (for example a ferromagnetic material), having in this example
a tooth 32, a selectively shaped tooth edge profile 26, and a space 34, and is designed to have the magnetic field
profile 36 which is conveyed with the target as the target moves. The target 30 may have other configurations besides
that shown in Figure 1 and may be appropriately shaped to provide any desirable magnetic field profile similar to the
magnetic field profile 36. The target 30 moves in the X direction 38 and is constrained to move in a known range having
a maximum value Xyax and a minimum value Xy, . The magnetic profile 36 in conjunction with the constricted range
of movement of the target between X,y and Xy ax ensures that MR1 is always exposed to By;ax and MR3 is always
exposed to By Wwhereas MR2 is exposed to By, when it is at the position X,y and to Byax Wwhen it is at the position
Xuax Wherein MR2 is exposed to a magnetic field By, where By, < Bx < Byyax, at the position X, where X,y < X <
Xuax, having a magnetic profile which is a linear function of position between X,y and Xyax-

[0015] Figure 2 depicts a plot of MR resistance versus magnetic field and MR resistance versus position according
to the presentinvention. The target 30 is designed and appropriately shaped such that the magnetic field range between
Byin @nd Byax falls on the linear part 40 at low temperatures, or the linear part 42 at high temperatures, and not around
the respective parabolic regions 44 or 46 of the magnetic field plot of Figure 2 by which the magnetic field is a linear
function of position and by which the resistance of MR1, MR2, and MR3 are linear functions of magnetic field and
position also. It can be seen from Figure 2 that the magnetic field range remains in the linear region as the temperature
varies. That is, the linearity of the magnetic field is stable as the temperature varies. It can also be seen in Figure 2
that the MR resistances vary widely at different temperatures such as Ry at point 41' at a low temperature and
R"ymin @t point 41" at a high temperature, wherein Ry n is the resistance of MR1 at Xy, at a low temperature and
R"1min is the resistance of MR1 at X,y at a high temperature. Similarly, R'3y,ax at point 43" is the resistance of MR3
at Xyax at a low temperature and R"3y,ax at point 43" is the resistance of MR3 at X\,ax and R,' at point 45' is the
resistance of MR2 at Xy at a low temperature and R," at point 45" is the resistance of MR2 at Xy. As shown in Figure
2, the position measurement of Xy at point 48 is not affected even with widely varying resistances at different temper-
atures. A similar plot can be ascribed to MR resistance versus air gap. A change in air gap will not affect the position
measurement of Xy as long as the region between By, and Byax is on a linear part of the MR resistance curve such
as 40 and 42 in Figure 2. A smaller air gap would simply shift the MR resistance values toward higher magnetic field
values while a larger air gap would simply shift the MR resistance values toward lower magnetic field values.

[0016] From Figure 2, it can be deduced that:

(Xx = Xmin) Xmax = Xmin) = (Bx - Buin)/(Byax = Buin) = (Rz - Rg)/(R4 - R3) M

where R4, Ry, and Rj are the resistances of MR1, MR2, and MR3, respectively, at an arbitrary temperature. By properly
designing an electric circuit, the MR output voltages will also be linear functions of resistance and position and equation
(1) above may be equated to (Vyr2 - Vurs)/(VMmRr1 - VMr3) Where Viyr1, Vre, @and Vyyrs are the voltages across MR1,
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MR2, and MR3, respectively. Therefore, from the above relationships:

Xy = Xuin +*Xuax - Xuin)(Rz - R3)/(Ry - Rj) (2)

and

XX = XMIN +(XMAX b XMIN)(V'MRZ b V'MRS)/(V.MR1 b VIMR3)' (2

By proper design, Xy, may be set to zero resulting in simplified equations (3) and (3'):

Xy = (Xpax - Xmin)(Rz - R3)/(Ry - R3) 3

and

XX = (XMAX - XMIN)(V'MRZ_V'MRS)/(V'MR'I - V'MRS)' 3"

[0017] Figure 3 shows an example of an analog circuit 50 implementing the present invention. In Figure 3, R4, Rs,
Re, and R; have, preferably, the same value, say R, such that R » Ry >R, > Rz where R, Ry, and R; are the resistances
of MR1, MR2, and MRS, respectively. Under these conditions:

Vi =(Ry, +R3)/(Ry + R, + Rj)*Vg 4)
V, =R,/(Ry + R, + R3)"Vg (5)
Vi1 = (Vg +Vy)i2=(1+R,/(Ry + R, + R3))*(Vg/2) (6)
and
Vyy = V42 = (R, + R3)/(Ry + Ry + Ry)*(Vg/2). 7)

where Vg is the power supply voltage and V4, V,, V44, and V,, are the voltages at the nodes shown in Figure 3.
[0018] The output Vp of differential amplifier 52 (i.e. an OP AMP) is:

Vp =Vqq -V = (Vs/2)'(Ry - R3)/(Ry + Ry + R3)) 8

and the output V| of differential amplifier 54 is:

VN =V - Vg = (Vg/2)*((Ry - R3)(Ry + R, + Ry)) 9)

whereby the output Vo1 of analog divider 56 is:

Vout = K*(Vn/Vp) = KR, - R3)/(Ry - Ry) (10)

wherein K is the gain of analog divider 56 and is adjusted for maximum sensitivity or K is adjusted to satisfy other
system requirements. For example, K may be adjusted such that V1 has a value of zero when position Xy is at
MR2 and a value of 5 volts when position Xyax is at MR2. Hence,
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(Ry - Ry)/(R; - Ry) = Vor/K (11)

and equations (2) and (3) may be expressed as:

Xy = Xuin +*Xyax = Xmin) Your/K 2"

and

Xx = Xuax = Xmin) Vour/K (3%

Thus, since the gain K and the range Xyax - Xyn @re known, the position Xy can be determined from the voltage
Vour- In the example of Figure 3, the order in which MR1, MR2, and MR3 are connected (i.e. MR1 to MR3 to MR2) is
important. Other possibilities will be appreciated by those skilled in the art and may require the use of additional dif-
ferential amplifiers or OP AMPS.

[0019] Figure 4 shows an example of a circuit 60 employing a digital processor 62 (i.e. digital signal processor,
microcontroller, microprocessor, etc.) for implementing the present invention. In Figure 4, Ry, R,', and Rj3' are the
resistances of MR1, MR2, and MR3, respectively. Vg'is the value of the supply voltage and is implicitly known to the
digital processor 62, for example, as an input or stored in the digital processor's memory. The position range, Xy, and
Xuax are, preferably, stored in memory also. The values of V' and V' are input to the digital processor 62 and can
be expressed as:

V' = V"™ (Ry'+ R3V(Ry + Ry'+ R3') (12)

and

Vo' =Vg"R;3'(Ry"+ R, +Ry') (13)

wherein V'\r1, V'MRr2, @nd V'yrs are the values of the voltages across MR1, MR2, and MR3, respectively, and can be
expressed as:

Viyrt =Vs'-Vy' (14)
Viyre = V4" - Vo' (15)

and
V'urs = Vy'- (16)

The value of the output voltage V', is computed by the digital processor 62 and can be expressed as:

Viout = K" (V'mr2 - V'Mr3(V'Mr1 - V'Mr3) (17)

wherein K' is the gain and is adjusted for maximum sensitivity or K' is adjusted to satisfy other system requirements.
For example, K' may be adjusted such that V'q ;1 has a value of zero when MR2 is at the position X,y and a value of
5 volts when MR2 is at the position Xy,ax. Hence,

(V'wr2 = V'Mr3)/(V'MR1 - V'r3) = V'our/K' (18)
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and equations (2') and (3') may be expressed as:

Xy = Xuin *Xyax = Xuin) V'our/K' 2")

and

Xx = Xuax = Xmin) V'our/K'. (3")

Thus, since the gain K' and the range Xy ax - Xpn @re known, the position Xy can be determined from the voltage V'gyT.
[0020] Figure 5 is a flow diagram for the digital processor 62 of Figure 4. The procedure starts at block 70 where
initialization of the digital processor 64 is accomplished. At block 72 the values of V,' and V' are entered into the digital
processor 62 and the values of V'yr4, V'mr2, @and V'yr3 are computed at block 74 according to equations (14), (15),
and (16). The gain K' is selected at block 76 and the output voltage V' 7 is computed and output at block 78. V't
is computed according to equation (17). If at decision block 80 the procedure is not done, then control passes to block
72. Otherwise, the procedure ends at block 82. If desired, the value of Xy may be computed according to equation
(2") or (3") and output as well. The method of accomplishing this would involve another computation block being
implemented in Figure 5, and is well known to those skilled in the art.

[0021] To those skilled in the art to which this invention appertains, the above described preferred embodiment may
be subject to change or modification. Such change or modification can be carried out without departing from the scope
of the invention, which is intended to be limited only by the scope of the appended claims.

Claims
1. A sensor system (10) comprising:

a first magnetoresistor (MR1);

a second magnetoresistor (MR2);

a third magnetoresistor (MR3), wherein said first, second and third magnetoresistors are mutually matched
and mutually arranged linearly along an axis (X) wherein said second magnetoresistor is located between said
first and third magnetoresistors;

a bias magnetic field (12); and

a magnetic target (30) having a predetermined magnetic irregularity (26),

wherein said target is movable adjacent said first, second and third magnetoresistors along said axis between a
predetermined maximum position (Xy,ax) and a predetermined minimum position (Xy,n) such that the bias mag-
netic field and magnetic irregularity mutually provide a maximum magnetic field value (Byax) at said first magne-
toresistor and provide a minimum magnetic field value (Byyy) at said third magnetoresistor.

2. The sensor system of Claim 1, wherein said bias magnetic field is substantially a linear function of position (40,
42) with respect to said magnetic irregularity over a predetermined length along said axis.

3. The sensor system of Claim 2, wherein said bias magnetic field and magnetic irregularity mutually always provide
the maximum magnetic field value (Byax) at said first magnetoresistor and always provide the minimum magnetic
field value (B, ) at said third magnetoresistor (MR3).

4. The sensor system of Claim 3, wherein position of said target relative to said second magnetoresistor along said
axis is defined by:

XX = XMIN +(XMAX b XMIN)(RZ - R3)/(R1 b R3)’

wherein X is the position, X,y is the predetermined minimum position, Xy,ax is the predetermined maximum
position, R, is a resistance of the first magnetoresistor, R, is a resistance of the second magnetoresistor, and R,
is a resistance of the third magnetoresistor.
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The sensor system of Claim 4, wherein said magnetic irregularity (26) is a selectively shaped tooth edge profile.

The sensor system of Claim 4, further comprising electrical circuit means (50) connected with said first, second
and third magnetoresistors for providing a voltage across said first, second and third magnetoresistors (MR1, MR2,
MR3) which is responsive to the position of said target (30).

The sensor system of Claim 6, wherein the position is defined by:

XX = XMIN +(XMAX - XMIN)(VMRZ - VMR3)/(VMR1 - V'MRS)'

wherein Vr4 is a voltage across said first magnetoresistor, V. is a voltage across said second magne-
toresistor, and V) r3 is a voltage across said third magnetoresistor.

The sensor system of Claim 7, wherein said electrical circuit (50) comprises a source of voltage (Vg), a plurality
of resistors (MR1, MR2, MR3, Ry, Rs5, Rg, Ry;), a first comparator (52), a second comparator (54) and a voltage
divider (56) mutually connected with said first, second and third magnetoresistors such that said voltage divider
provides a voltage output, Vg1, Wherein the position is defined by:

XX = XMIN +(XMAX - XMIN) VOUT/K’

wherein K is a predetermined gain of the voltage divider.
The sensor system of Claim 8, wherein said magnetic irregularity (26) is a selectively shaped tooth edge profile.

The sensor system of Claim 6, wherein said electrical circuit (60) comprises a source of voltage (V'g), a digital
processor connected with said first, second and third magnetoresistors such that said digital processor provides
a voltage output, Vo1, responsive to the position of said target.

The sensor system of Claim 10, wherein the position is defined by:

Xy = Xuin *Xyax - Xmin) Vout/Ks

wherein K is a predetermined gain of the digital processor.
The sensor system of Claim 11, wherein said magnetic irregularity (26) is a selectively shaped tooth edge profile.

A method for determining position of a target (30) having a magnetic irregularity (26) relative to a magnetic position
sensor (10), the magnetic sensor comprising first, second, and third magnetoresistors (MR1, MR2, MR3) sequen-
tially arranged along an axis (X), wherein the target is movable adjacent the first, second and third magnetoresistors
along the axis between a predetermined maximum position, Xy,ax, and a predetermined minimum position, Xy
such that a bias magnetic field (12) and the magnetic irregularity mutually provide a maximum magnetic field value
(Bpmax) at the first magnetoresistor and provide a minimum magnetic field value (By,,\) at the third magnetoresistor,
and wherein a digital processor (62) is connected with the first, second and third magnetoresistors, said method
comprising the steps of:

determining a first voltage (72) between the first and second magnetoresistors and a second voltage (72)
between the second and third magnetoresistors;

computing a voltage (74), respectively, across each of said first, second and third magnetoresistors, wherein
the voltage across the first mangetoresistor, Vyr4, is equal to a source voltage minus the first voltage, the
voltage across the second magnetoresistor, Vyro, is equal to the first voltage minus the second voltage, and
the voltage across the third magnetoresistor, Vg3, is equal to the second voltage;

selecting a gain (76), K, of the digital processor;

computing an output voltage (78), Vo, wherein
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Vour = KVur2 -Vurs)/(Vur1 - Vvrs):

and
computing the position, Xy, wherein

XX = XMIN +(XMAX - XMIN) VOUT/K'
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Fig.3.
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